The main cofactors of Photosystem II (PSII) are borne by the D1 and D2 subunits. In the thermophilic cyanobacterium Thermosynechococcus elongatus, three psbA genes encoding D1 are found in the genome. Among the 344 residues constituting the mature form of D1, there are 21 substitutions between PsbA1 and PsbA3, 31 between PsbA1 and PsbA2, and 27 between PsbA2 and PsbA3. In a previous study (Sugiura et al., J. Biol. Chem. 287 (2012), 13336-13347) we found that the oxidation kinetics and spectroscopic properties of Tyr Z were altered in PsbA2-PSII when compared to PsbA(1/3)-PSII. The comparison of the different amino acid sequences identified the residues Cys144 and Pro173 found in PsbA1 and PsbA3, as being substituted in PsbA2 by Pro144 and Met173, and thus possible candidates accounting for the changes in the geometry and/or the environment of the Tyr Z / His190 phenol/imidizol motif. Indeed, these amino acids are located upstream of the α-helix bearing Tyr Z and between the two α-helices bearing Tyr Z and its hydrogen-bonded partner, D1/His190. Here, site-directed mutants of PSII, PsbA3/Pro173Met and PsbA2/Met173Pro, were analyzed using X-and W-band EPR and UV-visible timeresolved absorption spectroscopy. The Pro173Met substitution in PsbA2-PSII versus PsbA3-PSII is shown to be the main structural determinant of the previously described functional differences between PsbA2-PSII and PsbA3-PSII. In PsbA2-PSII and PsbA3/Pro173Met-PSII, we found that the oxidation of Tyr Z by P 680 +• was specifically slowed during the transition between S-states associated with proton release. We thus propose that the increase of the electrostatic charge of the Mn 4 CaO 5 cluster in the S 2 and S 3 states could weaken the strength of the H-bond interaction between Tyr Z • and D1/His190 in PsbA2 versus PsbA3 and/or induce structural modification(s) of the water molecules network around Tyr Z .
Introduction
The light-driven oxidation of water in Photosystem II (PSII) is the first step in the photosynthetic production of most of the earth's-biomass, fossil fuels and O 2 . The PSII super-complex in cyanobacteria is made up of 17 membrane protein subunits and 3 extrinsic proteins, capping the site of water splitting catalysis (PsbY was not present in [1] but observed in [2] ). The homologous membrane proteins D1 and D2 form the center of the super-complex. They bind all key cofactors/redox centers involved in primary charge separation, electron transfer and water splitting/ plastoquinone reduction catalysis [1] . The excitation resulting from the absorption of a photon is transferred to the photochemical trap (reaction center) that undergoes charge separation. The reaction center consists of four chlorophyll a molecules, P D1 /P D2 and Chl D1 /Chl D2 , and two pheophytin a molecules, Phe D1 /Phe D2 . The resulting positive charge is then stabilized on P 680 (an excited state of mainly P D1 /P D2 character). P 680 +• then oxidizes a nearby redox active tyrosine, Tyr Z , the Tyr161 of the D1 polypeptide, which in turn oxidizes an inorganic Mn 4 CaO 5 cluster. On the electron acceptor side the electron is transferred to the primary quinone electron acceptor, Q A , and then to Q B , a two-electron and two-proton acceptor, e.g. [3] [4] [5] . The Mn 4 CaO 5 cluster accumulates oxidizing equivalents and acts as the catalytic site for water oxidation. The enzyme cycles sequentially through five redox states denoted S n where n stands for the number of stored oxidizing equivalents. Upon formation of the S 4 state two molecules of water are rapidly oxidized, O 2 is released and the S 0 state is regenerated [4] [5] [6] [7] [8] [9] . Cyanobacterial species have multiple psbA variants encoding for the D1 protein, e.g. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . These gene homologues are known to be differentially transcribed depending on the environmental conditions, see [23] for a recent discussion. The genome of the thermophilic cyanobacterium Thermosynechococcus elongatus contains three different psbA genes [24] . Among the 344 residues of the matured PsbA proteins, 21 differ between PsbA1 and PsbA3, 31 between PsbA1 and PsbA2 and 27 between PsbA2 and PsbA3. The psbA 1 gene is constitutively expressed under "general" laboratory conditions, while the psbA 3 gene is transcribed under light stress conditions such as high light or UV light conditions [14, 25, 26] . The transcription of the psbA 2 gene has been reported to increase under micro-aerobic conditions [16] . Notably, D1 transcription/regulation may vary among cyanobacteria. In T. elongatus, the differential transcription patterns of the three genes coding for the D1 subunit raise the possibility that, in this species, the regulation at the transcription level represents an acclimation mechanism where the functional properties of PSII are adjusted to cope with the increased photon flux, e.g. the interchange of the PsbA1 and PsbA3 variants modifies the redox potential of Pheo D1 [23] . Changes in the already identified properties of the redox cofactors depending on the D1 variant constituting PSII in T. elongatus have been recently reviewed [27] .
The effects of the PsbA(1/3)/PsbA2 substitution are much less documented. In a previous study [28] , we showed, based on the analysis of the kinetic and spectroscopic properties of Tyr Z /Tyr Z
• and P 680 /P 680 +• that the protein structure in the vicinity of the Tyr Z , likely the hydrogen bond between the phenol group of Tyr Z and D1/His190, is modified in PsbA2-PSII as compared to PsbA(1/3)-PSII. This change is critical to the function of Tyr Z as its rapid reversible oxidation by P 680 +• relies on the shuttling of its phenolic proton to the nitrogen (2.46 Å between the O and N) of D1/His190 forming the stabilized neutral tyrosyl radical [29] . An increase in the distance between the acid/base residues is expected to alter the dynamics of the proton coupled electron transfer processes associated with the oxidation of Tyr Z [30] . Proline is known to constrain the specific angles of the NH-C=O peptide bond and thus to possibly change the orientation of the downstream helix, e.g. [31] . Thus we hypothesized that the Cys144 to Pro144 and Pro173 to Met173 substitutions in PsbA2 from PsbA1 and PsbA3, located upstream of the α-helix bearing Tyr Z and between the two α-helices bearing Tyr Z (helix C in Fig. 1 ) and its hydrogen-bonded partner, D1/His190 (helix D in Fig. 1 ) were responsible for the differences in the structure of the Tyr Z -His190 couple (Fig. 1) . PsbA2 in T. elongatus represents one of the few photosynthetic species already sequenced in which the D1-173 amino acid is not a Pro. These include PsbA0 in Anabaena (alr3742) with a Met and D1-4 in Gloeobacter violaceus PCC 7421 (glr1706) with a Ser. Therefore, in order to assess the hypothesis according to which substituting Met173 for Pro173 in PsbA2 for PsbA3 accounts for the structural changes in the vicinity of Tyr Z and thus for the functional characteristics described above, we used these two observables and compared the sets of pairs: the PsbA3/Pro173Met and PsbA2/Met173Pro pair and the PsbA2-PSII and PsbA3-PSII pair. In this work, using EPR spectroscopy and time resolved absorption spectroscopy, site directed-mutants of the amino acid residue at position 173 in PsbA2 and PsbA3 were studied by reengineering PsbA2 to mimic the PsbA3 structure for Tyr Z and vice versa. In the PsbA3/Pro173Met-PSII and PsbA2/Met173Pro-PSII mutants, we show that the Pro173Met substitution in PsbA2-PSII versus PsbA3-PSII is the main structural parameters that affects the electron transfer between Tyr Z and P 680 .
Materials and methods

T. elongatus mutant strains
In this study, purified PSII from T. elongatus WT*2 [28] and WT*3 [32] cell strains were used as controls. WT*2 and WT*3 are both His-tagged strains on the C-terminus of CP43 [33] with PsbA2 and PsbA3 as the D1 protein by deletion of psbA 1 /psbA 3 and psbA 1 /psbA 2 , respectively [28, 32] . Fig. 2A shows a map of the constructed plasmid DNA, pUPsbA2/Cm for making the PsbA2/Met173Pro site directed mutant in T. elongatus. and PsbA3/Pro173Met mutants, respectively. (C) Agarose gel (1%) electrophoresis of amplified products by PCR using P1 and P2 primers indicated in Fig. 2A (lanes 2-5) , and digested the amplified DNA fragments with Avr II (lanes 3 and 5). Amplified PCR products using P3 and P4 primers are indicated in Fig. 2A (lanes 6-9) , and digested the amplified DNA fragments with Bfa I (lanes 7 and 9). Lanes 1 and 10, 1 kb DNA ladder markers (Nakarai Co., Japan Lane 13 and 14); lanes 2 and 3, WT*2; lanes 3 and 4, PsbA2/Met173Pro mutant; lanes 6 and 7, WT*3; lanes 8 and 9, PsbA3/Pro173Met mutant.
fragment containing the open reading frame was inserted into created Nde I site on psbA 3 promoter region and Sac I site. This Nde I site was created by a Site-directed Mutagenesis Lightning Kit (Stratagene) at the same position of the initial codon of psbA 3 . Next, non-coding 3′-region (≈ 800 bp) of psbA 3 was ligated at Sac I and EcoR I sites. Then, chloramphenicol resistant (Cm R ) cassette was inserted downstream of stop codon of psbA 2 and 3′-region of psbA 3 at Sac 1 sites. For creation of site-directed mutations on PsbA2, the nucleotides were modified containing new restriction enzyme site, Avr II, using a Site-directed Mutagenesis Lightning Kit (Stratagene) as shown in Fig. 2B . Fig. 2A shows a map of the constructed plasmid DNA, pUPsbA2/Cm for making the PsbA2/Met173Pro site directed mutant. In this case, the psbA 3 gene expression was controlled by naturally psbA 3 promoter. A Cm R cassette was inserted as well as pUPsbA2/Cm. The nucleotides were modified in order to insert a new restriction enzyme site, Bfa I, using a Site-directed Mutagenesis Lightning Kit (Stratagene) as shown in Fig. 2B . The constructed plasmid pUPsbA2/Met173Pro and pUPsbA3/ Pro173Met were introduced into WT*3 cells by electroporation (Gene Pulser Xcell, Bio-Rad) as following [28, 32, 33] . The T. elongatus transformants were selected as single colonies on DTN agar plate [33] containing appropriate antibiotics (25 μg mL − 1 of spectinomycin, 10 μg mL −1 of streptomycin, 40 μg mL −1 of kanamycin and 5 μg mL
of chloramphenicol). Segregation of all genome copies was confirmed by digestion of amplified DNA fragments including the site-directed mutations by PCR with restriction enzyme. For PsbA2/Met173Pro selection, 500 bp of DNA amplified fragments by P1 primer (5′-GCTACCGTCT CGGTATGCGGCCTTGGATTC-3′) and P2 primer (5′-GAAACCATTGAGGT TAAAGGCCATCGTGCT-3′) was digested with Avr II to separate 380 bp and 120 bp (results showed in Fig. 2C , lanes 2-5). For selection and confirmation of PsbA3/Pro173Met, amplified 560 bp of DNA fragments by P3 primer (5′-CTACAACGGTGGCCCCTACCAACTG-3′) and P4 primer (5′-GCTGATACCCAGGGCAGTAAACCAGATGCC-3′) were digested with Bfa I to give 350 bp and 210 bp (results showed in Fig. 2C , lanes 6-9). . The cells were ruptured with a French press. Unbroken cells were removed by centrifugation (3000×g, 5 min). Membranes were pelleted by centrifugation at 180,000 g for 30 min at 4°C and washed twice with buffer 1. Thylakoids (1 mg Chl mL −1 , final concentration after the addition of the detergent) were treated with 0.8 % (w/v) n-dodecyl-β-maltoside (β-DM, Biomol, Germany) in buffer 1 supplemented with 100 mM NaCl. After ≈1 min of stirring in the dark at 4°C the suspension was centrifuged (20 min, 170,000 g) to remove the non-solubilized material. Then, the supernatant was mixed with an equal volume of ProBond resin (Invitrogen, Groningen, The Netherlands) that had been pre-equilibrated with buffer 1. The resulting slurry was transferred to an empty column. After sedimentation of the resin inside the column, the supernatant was removed. The resin was washed with buffer 2 (1 M betaine, 10 % glycerol, 40 mM MES, 15 mM MgCl 2 , 15 mM CaCl 2 , 100 mM NaCl, 1 mM L-histidine, 0.03% (w/v) β-DM, pH 6.5) until the OD value of the eluate at ≈665 nm decreased below 0.05 (approximately 15 hours). Then, PSII core complexes were eluted with buffer 3 (1 M betaine, 40 mM MES, 15 mM MgCl 2 , 15 mM CaCl 2 , 200 mM NaCl, 180 mM L-histidine, 0.06% (w/v) β-DM, pH 6.5).
The eluate was then concentrated and washed in buffer 4 with 1 M betaine, 40 mM MES, 15 mM MgCl 2 , 15 mM CaCl 2 , pH 6.5, using centrifugal filter devices (Ultrafree-15, Millipore). PSII core complexes were finally resuspended in the same buffer at a Chl concentration of ≈1.5-2.0 mg Chl mL −1 and stored in liquid N 2 before to be used.
Mn-depletion
For the Mn-depletion of the samples, the PSII were diluted approximately 10-fold in a medium containing 1.2 M Tris-HCl (pH 9.2) and were incubated under room light at 4°C for 1 h. The samples were then collected by centrifugation for 3 h at 600,000×g. Then the pellet was resuspended in buffer 4. After a second centrifugation for 3 h at 600 000 g the pellet was resuspended in buffer 4 at ≈ 1.5-2.0 mg Chl mL −1 and stored in liquid N 2 before to be used.
P 680 +• reduction kinetics measurements
Time resolved absorption changes were measured with a lab-built spectrophotometer [34] where the absorption changes are sampled at discrete times by short flashes. These flashes were provided by a neodymium:yttrium-aluminum garnet (Nd:YAG, 355 nm) pumped optical parametric oscillator, which produces monochromatic flashes (1 nm full-width at half-maximum) with a duration of 5 ns. Excitation was provided by a second neodymium:yttrium-aluminum garnet (Nd:YAG, 532 nm) pumped optical parametric oscillator, which produces monochromatic saturating flashes at 700 nm (1 nm full-width at half-maximum) with a duration of 5 ns. The path length of the cuvette was 2.5 mm. PSII was used at 25 μg of Chl mL −1 in 1 M betaine, 15 mM CaCl 2 , 15 mM MgCl 2 , and 40 mM MES (pH 6.5). PSII were darkadapted for ≈1 h at room temperature (20-22°C) before the addition of either 0.1 mM phenyl p-benzoquinone (PPBQ) dissolved in dimethyl sulfoxide. For kinetic measurements, the time delay between the actinic flash and the detector flash was first increased from the smaller value to the larger value and then varied in the opposite direction. For each time delay the measurements were repeated 4 times so that each data point is the average of 8 measurements.
EPR measurements
X-band cw-EPR spectra were recorded with a Bruker Elexsys 500 X-band spectrometer equipped with a standard ER 4102 (Bruker) X-band resonator, a Bruker teslameter, an Oxford Instruments cryostat (ESR 900) and an Oxford ITC504 temperature controller. Flash illumination at room temperature was provided by a Nd:YAG laser (532 nm, 550 mJ, 8 ns Spectra Physics GCR-230-10). PSII samples at 1.1 mg of Chl mL −1 were loaded in the dark into quartz EPR tubes and dark-adapted for 1 h at room temperature. Then, the samples were synchronized in the S 1 -state with one pre-flash [35] . After a further 1 h dark-adaptation at room temperature the samples were illuminated by two additional flashes to generate the S 3 state before to be frozen in the dark to 198 K and then transferred to 77 K. In both cases the samples were degassed at 198 K prior to the recording of the spectra. Near-IR illumination of the samples was done directly in the EPR cavity, at 4.2 K, and was provided by a laser diode emitting at 820 nm (Coherent, diode S-81-1000C) with a power of 600-700 mW at the level of the sample. W-band (~94 GHz) EPR experiments were performed at 15 K using a Bruker ELEXSYS E680 EPR spectrometer. Two-pulse electron spin echo (ESE)-detected field-swept EPR spectra were measured using the pulse sequence t p − τ − 2t p − τ − echo. The length of the π microwave pulses was set to 56 ns and inter-pulse distances were 300 ns. The echo was integrated~600 ns around its maximum. The shot repetition time was 3 ms.
Measurements of O 2 evolution activity
Oxygen evolution activity of purified PSII (5 μg Chl mL ) was measured under continuous saturating white light at 25°C by polarography using a Clark type oxygen electrode (Hansatech). A total of 0.5 mM 2,6-dichloro-p-benzoquinone (dissolved in dimethyl sulfoxide) was added as an electron acceptor.
Results
Expression of site-directed PsbA2/Met173Pro and PsbA3/Pro173Met mutants in T. elongatus
In our previous study [28] comparing the PsbA2-PSII and PsbA3-PSII homologues, two important differences were observed; i) the rate of reduction of P 680 +• by Tyr Z in PsbA2-PSII was slower than that in PsbA3-PSII in the S 2 and S 3 states, but, importantly, remained unchanged in the S 1 state, and ii) the magnetic properties of the Tyr Z were modified. These latter properties were assessed using time resolved absorption changes and EPR spectroscopies. In wild type of T. elongatus, the psbA 2 gene is not transcribed efficiently [25, 26] . However, although the transcription of psbA 3 in WT is induced by light stresses such as high light or UV light [14, 25, 26] , we have shown that WT*3 cells (i.e. the ΔpsbA 1 /ΔpsbA 2 deletion mutant) efficiently express PsbA3 as D1 under the control of the psbA 3 promoter, reviewed in [27] . Therefore, in this study, the construction of the PsbA2/Met173Pro mutant was done so that the expression of D1 was also under the control of the psbA 3 promoter as shown in Fig. 2A .
The comparison of the polypeptide content of purified PsbA2/ Met173Pro and PsbA3/Pro173Met with that of PsbA2-PSII and PsbA3-PSII was achieved by SDS-polyacrylamide gel electrophoresis and MALDI-TOF/mass spectroscopy (data not shown). PSII complexes isolated from both mutants, PsbA3-PSII and PsbA2-PSII complexes were composed of 20 subunit proteins. Notably, the migration of the D1 protein was found slightly faster in PsbA2-PSII (38199 Da, lane 3) than in PsbA3-PSII (38259 Da, lane 1) as observed previously [36] (Fig. 3) . However, the migration of the D1 protein was found similar in PsbA3-PSII and PsbA3/Pro173Met-PSII (38213 Da, lane 2) and in PsbA2-PSII and PsbA2/ Met173Pro-PSII (38165 Da, lane 4). So, the reason of the D1 migration modifications in PsbA2-PSII is not the Pro173Met exchange alone and remains an open question to be addressed in future studies.
Effects of the mutations on the water splitting activity
It has been reported earlier that the oxygen evolution activity of PsbA2-PSII was slightly lower than that of PsbA3-PSII [28] . This was proposed to originate from changes at the electron acceptor side because the kinetics of the S 3 Tyr Z
• to S 0 Tyr Z transition were found similar in PsbA2-PSII and PsbA3-PSII. The O 2 evolution activity of purified PsbA3/ Pro173Met PSII and PsbA2/Met173Pro-PSII was ≈2000 μmol O 2 (mg Chl)
. So, the activity of PsbA3/Pro173Met-PSII was decreased when compared to PsbA3-PSII (≈3500 μmol O 2 (mg Chl)
whereas the activity of PsbA2/Met173Pro was almost the same as that of PsbA2-PSII. It should be noted, however, that the oxygen evolution activity of whole cells was similar in the four strains, i.e. about 180-220 μmol O 2 (mg Chl) cluster in an S ≥ 5/2 spin configuration [39] . It is thus expected to be sensitive to the Pro to Met substitution if indeed Pro constrains the NH-C = O peptide bond and thus bends the orientation of the downstream helix, thereby affecting the structure in the vicinity of Tyr Z . Fig. 4 shows the EPR difference spectra after-minus-before nearinfrared illumination of the enzyme poised in the S 3 state in PsbA3-PSII (black), in PsbA2-PSII (red), in PsbA3/Pro173Met-PSII (blue) and in PsbA2/Met173Pro-PSII (green). Panel A shows the full EPR spectrum including the magnetic field region where a signal attributed to the Mn 4 CaO 5 cluster in the S 2 ′ state peaks at ≈ 1280 gauss (which corresponds to g ≈ 5.
3) and Panel B shows the split signal region. As described earlier [28] , there are manifest differences between PsbA3-PSII and PsbA2-PSII split signals. These differences though are cancelled, or at least diminished, by the mutation of D1/Met173 to Pro in PsbA2, which shows strong similarities with PsbA3-PSII, and in the reciprocal case of the Pro173Met mutation which now resembles the PsbA2-PSII. Importantly these statements not only apply to the spectroscopic features but also to the overall formation yield of the split signal. Both the yield and spectral shape of the split signal are quite similar in PsbA2-PSII and PsbA3/Pro173Met-PSII. Despite remaining differences between the PsbA3-PSII and PsbA2/Met173Pro-PSII, altogether these data show that among the 27 amino acid substitutions between PsbA2-PSII and PsbA3-PSII the Pro173Met exchange is the key structural determinant responsible for changes in the NIR-induced split signal. Panel A in Fig. 4 shows that the spectral shape of the signal originating from the Mn 4 Ca 4 O 5 cluster is very similar in the 4 different PSII samples and therefore likely resilient to the mutations.
High field (W-band) EPR spectroscopy: The Pro173Met exchange modifies the local site properties of Tyr Z residue
High field EPR spectroscopy presents a series of advantages for the study of organic radicals such as Tyr. At higher magnetic fields, the local environment of the radical can be assessed as the g-matrix can be resolved. The three g-matrix values, the turning points in the EPR spectrum, essentially describe the electronic structure of the radical along its three unique axes: i) the axis bisecting the phenolic oxygen/ ring plane (g x ); ii) the axis bisecting the ring plane, perpendicular to the phenolic oxygen (g y ); and iii) the axis perpendicular to the ring plane (g z ). The data presented here represent low temperature (15 K) measurements on Tyr Z radical generated by short illumination ( spectrum to be trapped [40] and then measured, which is otherwise broadened by its magnetic interaction with the Mn 4 CaO 5 cluster as shown in Fig. 4 . We note that an uncoupled Tyr Z spectrum can also be measured in intact PSII samples at room temperature using timeresolved measurements e.g. [28, 41] where the fast relaxation of the Mn 4 CaO 5 as compared to Tyr Z can be exploited. While these measurements can be straightforwardly implemented at W-band, they require special setups which would allow the illumination of the samples inside the resonator and the recording of the signal with a sufficient signal-to-noise ratio taking into account the extremely small size of the samples required for such a measurements. The detection of the magnetically uncoupled Tyr Z • state in intact PSII at frequencies greater than 90 GHz forms ongoing work of our laboratories, see though [42, 43] . Panel A in Fig. 5 shows the pulse W-band EPR spectrum of Tyr D • in
Mn-depleted PsbA2-PSII. A similar spectrum was observed in all the samples studied here (data not shown). Spectra were measured using a two-pulse Hahn-echo sequence. A CW-like EPR spectrum is recovered from absorption spectrum by convolving the measured spectrum using a Bessel function of the 1st kind i.e. pseudo modulation. All three turning points (g x , g y and g z ) of the Tyr Z radical spectrum are well resolved in addition to known proton hyperfine couplings [40, 42, [44] [45] [46] [47] . This spectrum essentially represents the dark state spectrum. The corresponding Tyr Z Magnetic Field (gauss) Fig. 4 . Near infrared-induced split EPR spectra in PsbA3-PSII (black spectrum), in PsbA2-PSII (red spectrum), in PsbA3-Pro173Met-PSII (blue spectrum) and in PsbA2-Met173Pro-PSII (green spectrum). For the four samples, a spectrum was first recorded after two flashes given at room temperature, and a second spectrum was recorded after a further NIR illumination given in the EPR cavity at 4.2 K. Instrument settings were: modulation amplitude, 25 G; microwave power, 20 mW; microwave frequency, 9.5 GHz; modulation frequency, 100 kHz; and temperature, 4.2 K. The chlorophyll concentration was 1.1 mg.mL in PsbA2 versus PsbA3. The same small g-shift is observed for the W-band (94 GHz) data presented here. Interestingly it is also observed that the proton hyperfine couplings for the g x turning point are resolved at this lower microwave frequency (94 versus 235 GHz), presumably because of a reduction in g-strain (heterogeneity of the B 0 field). This hyperfine structure is better resolved in PsbA2-PSII as compared to PsbA3-PSII suggesting a smaller distribution of microstates in PsbA2-PSII versus PsbA3-PSII. In other words, Tyr Z adopts a more rigid conformation in PsbA2-PSII. The high field EPR results described above compare well with earlier X-band (9 GHz) time-resolved measurements in intact PSII [28] . At this lower frequency the three unique g-values turning points of the Tyr Z spectrum are unresolved but the hyperfine structure is readily observed. The X-band Tyr Z
• spectrum (S 3 Tyr Z • )′ in PsbA2-PSII as compared to PsbA3-PSII also displays a better resolves the hyperfine structure, reminiscent of that observed in the Tyr D • measured in the D2-His189Leu mutant, which disrupts the H-bond in which Tyr D • is involved [42] .
Thus, both hyperfine and g-matrix data point to a weaker H-bond interaction between Tyr Z • and D1/His190 in PsbA2 versus PsbA3. As observed above, the high field EPR spectrum of PsbA3/Pro173Met-PSII is similar to PsbA2-PSII and the high field EPR spectrum of PsbA2/ Met173Pro-PSII is similar to PsbA3-PSII further supporting the hypothesis that the Pro173 to Met substitution in PsbA3-PSII is mainly responsible for the observed changes in the g x of Tyr Z • in PsbA2-PSII.
3.5. Time resolved absorption spectroscopy -Pro173Met exchange modifies the rereduction rate of P 680 +• by Tyr Z
We then asked the question as to whether the Pro173 to Met substitution also determines the kinetics specificity of the oxidation of Tyr Z in PsbA2-PSII and PsbA3-PSII. Fig. 6 shows the transient flash-induced absorption changes at 432 nm after the first (Panel A), second (Panel B), third (Panel C) and fourth flash (panel D) given to dark-adapted PsbA3-PSII (black symbols), PsbA2-PSII (red symbols), PsbA3/ Pro173Met-PSII (blue symbols) and PsbA2/Met173Pro-PSII (green symbols). In this spectral region, the redox changes of several species, such as the chlorophylls, cytochromes, Tyr Z , and Q A , may contribute to the absorption profile. However, the most prominent spectral difference upon flash illumination is that associated with the bleaching of P 680 upon its oxidation, which, in the blue region of the spectrum, peaks at 432 nm. In Fig. 5 , the kinetics appeared indeed free of components originating from short lived excited state like uncoupled Chl*, for example, which would only contribute in the initial time point, decaying in a few ns. Panel A shows, as observed earlier [28] , that after the first flash, i.e. in the S 1 state, the decay of P 680 +• was similar for both PsbA3-PSII and PsbA2-PSII throughout the studied time windows that cover the tens of ns to tens of μs range. As expected the Met173 to Pro mutation in PsbA2-PSII and the Pro173 to Met mutation in PsbA3-PSII did not result in significant alteration of the reduction of were markedly slowed in PsbA2-PSII with respect to PsbA3-PSII. The P 680 +• decay after the second flash in PsbA3-PSII and PsbA2-PSII has been fitted with multiple exponentials. Three components and a constant were sufficient to satisfyingly fit the data (see supplementary data). The fit yielded the following parameters for the fastest, intermediate and slowest components, respectively: t 1/2 ≈ 34 ns (57%) in PsbA3-PSII and t 1/2 ≈32 ns (44%) in PsbA2-PSII, t 1/2 ≈0.79 μs (22%) in PsbA3-PSII and t 1/2 ≈ 1.01 μs (21%) in PsbA2-PSII for the middle phase and t 1/2 ≈ 33 μs (16%) in PsbA3-PSII and t 1/2 ≈ 49 μs (31%) in PsbA2-PSII. This suggests that the most pronounced effect is a decrease in the amplitude of the fast phase in PsbA2-PSII versus PsbA3-PSII and a complementary increase in that of the slowest component, the intermediate components in the hundreds of ns undergoing only minor changes. According to the current understanding of the multiphasicity of the reduction of P 680 +• , the sub-μs components are kinetically limited by the electron transfer process. In other words the rate reflects electron transfer from Tyr Z to P 680 +• (but see [30] ) and its amplitude is determined by the, low, equilibrium constant between P 680 +• Tyr Z and P 680 Tyr Z
•
. The μs components reflect the progressive increase of this equilibrium constant resulting from, slower, proton release e.g. [48] [49] [50] . Recently Dau and coworkers further refined this framework by assigning more specifically the components developing in the hundreds of ns to structural rearrangement of the water network around the OEC, ensuing the formation of [Tyr Z
• -HN-His] + [51, 52] .
The present comparison of PsbA2-PSII and PsbA3-PSII, according to which the amplitude of the fastest and slowest components are affected in a complimentary manner is consistent with the equilibrium constant between P 680 +• Tyr Z and P 680 Tyr Z • being smaller in PsbA2-PSII than in PsbA3-PSII. In this framework, the slowed down μs components in PsbA2-PSII would reflect a hindered overall proton transfer upon oxidation of Tyr Z by P 680 +• . Notably, this hindrance would be particularly pronounced in the higher S states. After 4 flashes (Panel D), i.e. once the Mn 4 CaO 5 cluster is mainly in the S 0 state, the progressive mixing of the S-states combined with the moderate amplitude of the period four oscillations in the P 680 +• decay kinetics make the data more equivocal. Nevertheless, the differences between the 4 samples were smaller than after the 2nd and 3rd flashes. Because the Cys144 and Pro173 in PsbA1 and PsbA3 which are exchanged for Pro and Met, respectively, in PsbA2 are in the loops that connect the α helices that respectively bear D1/His190 and Tyr Z , we have previously proposed [28] that both the Cys144Pro and Pro173Met exchanges could affect the hydrogen bond between Tyr Z and His-190 and/or the H-bond network in which these two side-chains are involved. The data in Fig. 6 bring support to this proposal as they show that the PsbA3/Pro173Met-PSII and PsbA2-PSII displayed similar kinetic characteristics and that, conversely PsbA2/Met173Pro-PSII resembled PsbA3-PSII. This identifies Pro173Met substitution in PsbA2-PSII as the main structural determinant of the observed changes in the P 680 +• decay.
Discussion
Because its φ backbone dihedral angle is locked, Pro is a singularly rigid amino acid. Its substitution for and by other residues in the vicinities of Tyr Z and D1-His190 is thus expected to affect the overall orientation of the backbone skeleton downstream, e.g. [31] , and to lead to significant structural consequences on the local environment of Tyr Z , its H-bond network and the position of the water molecules near the water oxidizing site, e.g. [53] [54] [55] for recent reviews. We have therefore suggested in a previous study reporting functional differences between PsbA2-PSII and PsbA3-PSII that i) the Pro173Met exchange in PsbA2-PSII when compared to PsbA3-PSII was responsible for the observed changes and that ii) to keep a functional PSII, the Pro173Met exchange in PsbA2-PSII was compensated for by the additional 26 substitutions and, particularly, by the Cys144Pro exchange. Indeed, this amino acid is located in the α-helix C on the periplasmic side just before the α-helix bearing Tyr Z (Fig. 1) . To test the specific role of the Pro173 in PsbA3-PSII two site directed single mutants have been designed and studied; the Pro173Met-PsbA3-PSII and the Met173Pro-PsbA2-PSII.
Due to the structural singularity of Pro mentioned just above and to its position in the PsbA sequence, it could be concluded that targeting this residue by site directed mutagenesis may result in large structural changes resulting in a destabilized PSII complex or in the disassembly of the catalytic cluster. That this was not the case can be concluded from the observation that mutant cells grew similarly to their respective control strains. We then showed that the single substitution Pro173Met in PsbA3-PSII and Met173Pro in PsbA2-PSII resulted in O 2 evolving PSII with rates commensurate to those obtained with the control PSII. Then, we compared the mutants and controls with respect to the functional phenotypes described previously, which differentiate PsbA2-PSII and PsbA3-PSII from each other. Remarkably, in PsbA2-PSII and PsbA3-PSII, the differences found were specific to the Tyr Z
• , both in terms of its EPR spectroscopic features and of its oxidation rate in the presence of the S 2 and S 3 states. Indeed, we checked that the EPR multiline signal associated with the formation of S 2 , which is notoriously sensitive to structure changes [56] , and found that it was indistinguishable in the two types of PSII. Similarly, the rate of the (S 3 Tyr Z
• )′ to S 0 Tyr Z transition was similar in PsbA2-PSII and PsbA3-PSII [28] . From these observations we thus concluded that the structure of theMn 4 CaO 5 cluster remains unchanged upon the PsbA exchange. In contrast; i) the μs components of kinetics of reduction of P 680 +• by Tyr Z in the S 2 and S 3 states was found significantly slowed down and ii) the split EPR signal induced by near infrared illumination at ≈4 K in the S 3 state was strongly affected both in term of yield and spectral shape. In both cases, we show here that the single mutation Met173Pro in the PsbA2 gene nicely mimicks the PsbA3-PSII specificity and vice versa. This shows that the Pro173Met mutation is the main structural determinant of these functional differences.
The study of the kinetics of reduction of P 680 +• by Tyr Z as a function of the flash number (i.e. the S i states) in the four different PSII samples reveals another interesting feature: Whereas the kinetics, more specifically the components developing in the tens of μs, were markedly slower in the S 2 and S 3 states, in the PsbA2-PSII and PsbA3Pro173Met-PSII with respect to their respective controls, they were hardly dependent on whether the residue at position 173 is a Pro or a Met in the S 1 states (in S 0 the results are more ambiguous owing to the unavoidable scrambling of the S-states after 4 flashes). This shows that these mutations do not significantly increase, at least in the S 1 state, the yield of the P 680 +• Q A −• charge recombination, which occurs in the hundreds of μs time range, e.g. [49] . This conclusion also most likely applies to the following S n states since the use of PPBQ prevents the formation of stable Q B −• so that the acceptor side is in the same redox state after each flash in the series. Thus, it is very unlikely that the slower P 680 +• reduction detected on the second and following flashes originates from a different yield of P 680
nation. In addition, although the reduction of P 680 +• by Tyr Z in the S 3 state is much slower in PsbA2-PSII than in PsbA3-PSII, this slowing down could not be detectable in the kinetics measured at 292 nm in [28] . Indeed, the first time point was measured 15 μs after the third flash i.e. in a time range where, from the data in Fig. 6C , the differences between the two samples become less marked. Also seen in the four samples studied here, is that the reduction of P 680 +• in the tens of ns time range is only slightly affected whatever the S n state, including S 1 , i.e. in a transition in which no proton is released. This result strongly indicates that: i) the possible slight modification of distance and angle between the Tyr Z and the His190 upon the Pro173Met exchange hardly affects the pure electron transfer from Tyr Z to P 680 +• and ii) in the light of the marked slow-down of the reduction of P 680 +• in S 2 and S 3 , it is, under all likelihood, the H-bond network which is involved in the release of the proton, when it occurs, which is affected by the Pro173Met exchange. According to the current understanding of the rates and amplitudes of the various kinetic components of the oxidation of Tyr Z , those developing in the tens of μs are kinetically limited by the rate of the electrostatic relaxation associated with the transfer of H + triggered by the oxidation of Tyr Z by P 680 +• [48, 50] . This relaxation results in a progressive increase in the equilibrium constant of the P 680 +• Tyr Z to P 680 Tyr Z • reaction. Consequently, in this framework, the amplitudes of these slow components are directly related to this equilibrium constant and the fact that they vary with the S-states reflects the dependence upon the S-states of the driving force of the electron transfer reaction between P 680 +• and Tyr Z . In line with this, the sub-stoichiometric H + release associated with the S 1 to S 2 transitions, e.g. [57, 58] , leaves a positive charge in the catalytic cluster not fully compensated and hence results, via Coulombic effects, in a decrease in the driving force of the electron transfer reaction between P 680 +• and Tyr Z [59] , for a review. In this framework, the sluggishness of the μs components in PsbA2-PSII with respect to PsbA3-PSII is readily interpreted by postulating that the H-bond network involved in this relaxation process differs and this assumption is supported by the differences in the width of the g x component of the Tyr Z • tensor in the two cases. Yet, the fact that these differences only become apparent in the presence of S 2 and S 3 would imply that this H-bond network is reorganized upon the formation of S 2 , or that, in other terms, the consequences of the formation of S 2 on the μs components of P 680 +• reduction is not merely Coulombic but also structural. In agreement with this model, it has been proposed that the geometry of the cluster of four water molecules involved in the Mn 4 CaO 5 -Tyr Z motif is playing an important role in the stabilization of an unusual short distance between Tyr Z and His190 [60] . In a theoretical work [61] , it has been proposed that Tyr Z oxidation leads to the reorientation of the dipole moment of the Mn 4 CaO 5 cluster such that the locus of negative charge is directed towards W1, the H 2 O bound to Mn4, and its hydrogen bonding partner D1-Asp61 resulting into the deprotonation of W1. Since the water molecules around Tyr Z and mentioned above are part of the same proton network that includes the D1-Asp61, this cluster of water molecules can play a role in the proton release upon Tyr Z oxidation as also proposed recently [62] . The present data show that substituting Pro173 for Met and vice versa mimics the respective the PsbA2 for PsbA3 substitution (and vice versa) so that this mutation has structural consequences on the H-bond network in which Tyr Z is involved and, more specifically, on the way this network is reorganized upon the formation of S 2 .
